Abstract. The present studies were undertaken to determine the mechanism by which attachment of the carcinogen N-2-acetylaminofluorene to guanosine residues in nucleic acids distorts their structure and function. Oligonucleotides were modified with N-acetoxy-2-acetylaminofluorene, repurified, and their base compositions analyzed. Evidence is presented that acetylaminofluorene residues bound to guanosines in GpUpU, ApApG, or poly (U,G) inactivates their function in codon recognition. Circular dichroism spectra suggest that this is caused by gross conformational changes in these compounds involving both a rotation about the glycosidic bond of guanosine residues bearing N-2-acetylaminofluorene, as well as stacking interactions between the drug and bases adjacent to the substituted guanosine.
Introduction. N-2-Acetylaminofluorene (AAF) is a potent hepatic carcinogen which, after metabolic activation, binds to liver RNA, DNA, and protein when administered in vivo.'-7 Miller et al. ' have demonstrated that a synthetically prepared ester, N-acetoxy-2-acetylaminofluorene (N-acetoxy AAF), complexes directly with RNA and DNA at neutral pH in vitro. Hydrolysis of liver RNA obtained from rats given AAF in vivo, or RNA reacted with N-acetoxy-AAF in vitro, indicates that the major nucleoside derivative is 8-(N-2-fluorenylacetamido) guanosine.6 There is evidence that the attachment of AAF to DNA inhibits its template activity for RNA synthesis,8 inhibits the transforming activity of B.
subtilis DNA,9 and is mutagenic.9' 10 The attachment of AAF to tRNA produces specific modifications in amino acid acceptance capacity and codon recognition."
The present studies were undertaken to explore the mechanism by which attachment of AAF residues to nucleic acids might distort their structure and thereby their biological activity. In contrast to certain other types of chemical modifications, the presence of an AAF residue on the 8 position of guanosine would not be expected to directly interfere with hydrogen bonding and base pairing.6 12 Previous data obtained with AAF-modified tRNA led to the suggestion that the observed changes in biologic activity might be caused by a conformational change in the nucleic acid."I We have now simplified the analysis of this problem by examining the functional properties of certain oligonucleotides, previously modified with N-acetoxy-AAF, in a ribosomal binding assay, and also obtained information on the conformation of these oligonucleotides by examining their circular dichroism spectra.
Materials and Methods. Materials: N-Acetoxy-AAF was generously supplied by Dr. James Miller of the University of Wisconsin. Poly (U,G) (3: 1) and ApApG (AAG) were products of Miles Laboratories. GpUpU (GUU) and GpU were synthesized as previously described."3 ApG, GpA, and UpG were purchased from Sigma Chemical Co. E. coli tRNA was purchased from General Biochemicals. Uniformly labeled [14C] amino acids, obtained from Schwarz BioResearch, had the following specific activities in mCi/mmole: valine (142), phenylalanine (510), and lysine (208). Ribonuclease T2 was obtained from Sankyo, Tokyo.
Aminoacylation of tRNA and ribosomal binding assay: E. coli aminoacyl-tRNA synthetase was prepared from the 105,000 g supernatant fraction by chromatography on a DEAE-cellulose column. The material which eluted with 0.25 M NaCl in Tris-HCl (pH 7.5) was used as the enzyme fraction. The reaction mixture for preparing [14C]aminoacyl-tRNA's contained in a total volume of 1 ml: 0.01 M Tris-HCl (pH 7.5), 0.01 M MgCl2, 0.01 M KCl, 0.002 M ATP, 20-100 Aa0 units of tRNA, and 1 mg of aminoacyl-tRNA synthetase. The reaction mixture was incubated at 37°C for 10 min, extracted with phenol, and the [14C]aminoacyl-tRNA precipitated with ethanol and stored at -20'C.
Ribosomes were prepared from E. coli B (General Biochemicals) as described.14 The binding assay was that of Nirenberg and Lederl5 and is described in detail in Table 1 Reaction of N-acetoxy-AAF with oligonucleotides and poly (U,G): N-acetoxy-AAF (5 X 10-3 M) was reacted at 37°C for 3 hr with 10-50 A260 units of oligonucleotides in 1 ml of 0.1 M Tris-HCl pH 7.2 and 33% ethanol, under nitrogen. The free drug was then extracted from the reaction mixture twice with ethyl ether. Oligonucleotides modified with AAF were purified by paper chromatography (see below).
N-Acetoxy-AAF (17.5 X 10-i M) was reacted at 37°C for 3 hr with 30 A260 units of poly (U,G) in 2 ml of 0.05 M citrate buffer (pH 7.0) and 33% ethanol, under nitrogen.
The mixture was extracted twice with an equal volume of ethyl ether and the modified polymer precipitated with ethanol.
Chromatography and base composition: Oligonucleotides containing AAF were separated from the unreacted materials by paper chromatography on Whatman 3MM with a mixture of n-butanol, acetic acid, water (5:2:3, v/v/v). Rf values were; GUU and AAG, 0.08; AAF-GUU and AAG-AAF, 0.38: UpG, ApG, and GpA, 0.17; and the AAF containing dinucleoside phosphates, 0.64. Under ultraviolet light, the compounds containing AAF had a blue fluorescence. Compounds were eluted with water and their spectra determined.
The base composition of oligonucleotides and polymers was determined by digestion of 1 to 2 Ano units of sample with 2 units of ribonuclease T2 in 0.05 ml of 0.05 M sodium acetate (pH 4.65) for 18 hr at 370C. The products were separated by two-dimensional thin-layer chromatography on 10 X 10 cm MN 300 cellulose plates (Brinkman Instruments). The solvents were: (a) isobutyric acid-0.5 M NH40H (5:3, v/v) for the first dimension and (b) isopropanol-conc HCl-H20 (7:1.5:1.5, v/v/v) for the second dimension. The AAF containing guanosine residue had a rapid mobility in both solvents and was readily detected by its blue-green fluorescence under ultraviolet light. Spectral methods: Ultraviolet absorption spectra were determined with a Beckman DBG spectrophotometer. Circular dichroism spectra were recorded on a Cary 60 spectropolarimeter equipped with a Cary model 6001 circular dichroism accessory. Oligonucleotide samples for circular dichroism spectra were studied at approximately 5 X 10-6 M in 0.005 M phosphate buffer (pH 6.9) and 0.05 M NaClO4. Extinction coefficients of oligonucleotides were calculated from the extinction coefficients of the respective monomer constituents, with appropriate correction for hypochromic effects."6 An extinction coefficient at 260 nm of 29 X 101 was assumed for AAF-guanosine.6 Hypochromic effects caused by AAF were ignored.
Results. Binding of AAF to GUU, AAG, and poly (U,G): Figure 1 compares the absorption spectra of GUU, which had been the appearance of a shoulder at 300310 mdi. Base composition analysis of the modified AAG also indicated complete substitution of guanosine residues with AAF.
When poly (U,G) (3: 1) was reacted with N-acetoxy-AAF and repurified (see Materials and Methods), changes in the absorption spectrum similar to those described above were seen. Digestion with ribonuclease T2 and base composition analysis indicated that 40% of the guanosine residues were modified by AAF.
Additional studies indicated that the degree of modification was dependent on the concentration of N-acetoxy-AAF in the reaction mixture.
Codon recognition: It is apparent, therefore, that modification of the G residue with AAF, in either the 5'-or 3'-end of a triplet, inactivates codon recognition.
In view of the results obtained with triplets, we also examined the effect of AAF modification on the ability of poly (U,G) to stimulate ribosomal binding of phenylalanyl-and valyl-tRNA's. [0] , as a function of wavelength for the compounds: GMP, ApG, GpA, UpG, GUU, and their corresponding AAF-substituted derivatives. One must be cautious in interpreting these circular dichroism spectra, because it is difficult to distinguish between: (1) optical activity induced in AAF because of its attachment to a guanosine residue, or because of interaction of AAF with other chromophores of the oligonucleotide, and (2) optical activity resulting from changes in conformation of the nucleoside residues. It was, therefore, necessary to examine the circular dichroism spectrum of AAF-substituted GMP (AAF-GMP). Figure 2b indicates that AAF substitution does alter the circular dichroism spectral characteristics of GMP. The dichroism of GMP is fairly weak, and there is little optical activity observed at wavelengths greater than 270 nm. AAF-GMP, however, has a relatively strong negative dichroism in the spectral region of 240-310 nm. Since AAF has a high extinction coefficient in this region, it is likely that the strong dichroism of AAF-GMP at these wavelengths results from optical activity induced in AAF by covalent attachment to guanosine. The circular dichroism spectrum of AAF-GMP is also much different from that of guanosine at lower wavelengths (200-240 nm). Figure 2a shows that the spectra of unsubstituted ApG and GpA are quite unlike each other. These differences, which may be attributed to the difference in the interactions of the transition moments of the base chromophores in the respective base-stacked sequence isomers,'7 illustrate the effect of changes in the relative conformation of the two bases on the circular dichroism spectra. Of particular interest are the striking changes in the spectra of ApG and GpA produced by AAF substitution (Fig. 2a) . Somewhat similar changes were also observed with UpG and GUU (Fig. 3) . These large spectral changes are not simply the result of covalent bonding of AAF to guanosine residues because the differences between the spectra of each oligonucleotide and its derivative are much greater than the corresponding difference between guanosine and AAF-GMP. This observation, together with the fact that the dichroism of the AAFmodified oligonucleotides is very strong at wavelengths greater than 290 nm, where only the AAF moiety absorbs significantly, indicates that AAF interacts with the base adjacent to the substituted guanine. The spectrum of ApG-AAF is particularly striking (Fig. 2) . The strength of the circular dichroism observed for this substituted dinucleotide is an order of magnitude greater than that observed for either unsubstituted oligonucleotides or the substituted monomer. Although the dichroism of UpG-AAF is also unusually strong (Fig. 3) it is only about a third that of ApG-AAF in the region of the most intense circular dichroism band. The spectacularly large bands in ApG-AAF probably arise from a strong interaction of AAF with the adjacent adenine residue (see Discussion). Although the spectra of ApG-AAF and AAF-GpA are substantially different, those of ApG-AAF and UpG-AAG are qualitatively quite similar. The same observation is also true for the spectra of AAF-GpA and AAF-GUU. Apparently AAF determines the basic spectral characteristics of the substituted oligonucleotides, and the quality of the alteration is largely dependent on whether the substituted guanosine is at the 5'-or the 3'-end of the oligomer.
Discussion: Although it is not possible at the present time to determine which conformation most closely approximates the average preferred configuration of the modified oligonucleotides, it is evident that the binding of AAF does introduce important conformational changes in these molecules. A study of molecular models of AAF-modified dinucleoside phosphates suggests that the most probable conformational change is a rotation of the modified guanosine about the glycosidic bond, followed by stacking of AAF with the base adjacent to this guanine. The present data do not exclude other types of conformational alterations induced by AAF. Circular dichroism spectra, as well as nuclear magnetic resonance studies, on the conformations of additional AAF-modified oligonucleotides and polynucleotides are currently in progress. The relationship of these findings to the carcinogenic activity of AAF is not known. Conformational changes produced by AAF could profoundly alter the biologic properties of both cellular RNA and DNA. The relative susceptibility of specific guanosine residues to AAF modification, as well as effects of base sequence on the type of conformational distortion which occurs, might contribute to the biologic specificity of this carcinogen. If attack on the DNA, with subsequent somatic mutation, is the critical event, than a conformational change would be more likely to produce small deletions rather than single base changes during DNA replication (see ref. 9 for a summary of conflicting data on this point). A conformational change in specific regions of the DNA might also impair the transcription of certain genetic loci. With respect to RNA, an AAFinduced conformational change in tRNA would explain the previously observed inhibitions of tRNA aminoacylation and codon recognition.'1 The present results indicate that if AAF binds to mRNA's in vivo, it would also inhibit their function in protein synthesis. These, as well as additional effects on cellular RNA's, might lead to rather widespread disturbances in the translation apparatus with secondary consequences with respect to cell differentiation, regulation, and autonomy. 19 We are pleased to acknowledge the valuable technical assistance of Miss Gloria Carvajal.
Abbreviations: A, adenosine; G, guanosine; U, uridine; C, cytidine; AAF, N-2-acetylaminofluorene; tRNA, transfer RNA. For oligonucleotides of specific structure, internal phosphodiesters (3'-5') between nucleosides are indicated as in ApG for adenosine-guanosine monophosphate. Poly (U,G) (3:1) designates a random copolymer of uridylic and guanylic acids at a ratio of 3:1.
